Source apportionment study of aerosols over Bay of Bengal (BOB) were investigated during Integrated Campaign on Aerosol Radiation Budget (ICARB) in the pre-monsoon (March-April 2006) and winter (December-January 2008-09) seasons. Positive matrix factorization (PMF) was applied to identify sources of ambient particulate matter using daily chemical composition data collected in the pre-monsoon (total suspended particles, TSP) and winter season (particles with a diameter < 10 µm, PM 10 ). Sea salt (SS), secondary aerosol (SA), Si-dust, fossil fuel combustion (FFC), biomass burning (BB) sources have been identified in both seasons, however their relative contributions were different. The combined contribution of Si-dust, secondary aerosol and fossil fuel combustion, constitute 67% of particulate matter in pre-monsoon, whereas, secondary aerosols and biomass burning were the major contributors (63.2%) to particulate matter in winter. The identified sources effectively predict the measured particulate concentration in the pre-monsoon (r 2 =0.74) and winter season (r 2 =0.82). Another receptor model, principal component analysis (PCA) was done to increase the plausibility of the results obtained by PMF. PCA resulted in the identification of the sources that were comparable to the PMF outputs. PCA of TSP in the pre-monsoon season resulted in the extraction of three components (crustal dust + secondary aerosol, biomass burning, fossil fuel combustion + industrial emissions) that explained the 83% of the variance in the data. Similarly, in winter season, PCA resulted in the extraction of four components (biomass burning + secondary aerosol, industrial emission, crustal dust, sea salt) that explained the 86% of the variance of the data.
Introduction
Tropospheric aerosols and trace gases produced during the natural or anthropogenic process has been found to be associated with adverse health effects besides their severe impact in deteriorating the local and the distant atmosphere by long-range transport over the years by scattering and absorbing the incoming solar radiation (direct effect) and by modifying the cloud albedo and droplet size distribution, thereby changing the radiative properties and lifetime of clouds (indirect effect) and suppressing precipitation. Many studies such as Arabian Sea Monsoon Experiment (ARMEX), Indian Ocean Experiment (INDOEX), Land Campaigns (LC) LC-I and LC-II, and Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB) (Ramanathan et al., 2001; Ramachandran et al., 2006; Satheesh et al., 2006; Moorthy et al., 2008) have been conducted in the past at Indian subcontinent and over the ocean on a regular basis or in campaign mode to understand the physico-chemical properties and possible sources of aerosol on regional scales (Pillai and Moorthy, 2001; Moorthy et al., 2003) .
To explore the physical, chemical and optical properties of aerosol in the entire Bay of Bengal (BOB), coordinated experimental campaign (ICARB) was planned for the period of MarchApril 2006 and December 2008 to January 2009. Several articles have been published in different aspects of aerosol and trace gases of ICARB campaigns Kumar et al., 2011; Sinha et al., 2011; Sharma et al., 2012; Saxena et al., 2014) , however, source apportionment using receptor models has not been studied so far.
The identification of possible sources of aerosols and quantification of their contributions to the ambient concentration of the pollutants has been a major focus of air quality research. The development and application of improved tools are thus required for the identification and apportionment of atmospheric aerosols. Recently, Callen et al. (2009) carried out source apportionment of PM 10 in Zaragoza, Spain by three multivariate receptor models based on factor analysis: PCA-APCS, UNMIX and PMF. Special attention was paid to the model comparison in order to determine which were more adequate for the apportionment. They concluded that greater requirements of measure of uncertainty in PMF permitted to obtain better results than with the other two models: PCA-APCS and UNMIX. PMF developed by Paatero and colleagues (Paatero and Tapper, 1994; Paatero, 1997) , a multivariate receptor modeling approach for the quantitative source apportionment of aerosols is used significantly by measuring the concentrations of pollutants at a sampling site (Kim and Hopke, 2004; Bhanuprasad et al., 2008; Gu et al., 2011) . The present study thus utilizes PMF and PCA to identify the source profile and apportionment of particulate matter collected in premonsoon (March-April 2006) and winter (December-January 2008-09) over BOB. In addition, in this work, we have attempted to identify categories and locations of sources using backward trajectory analysis that influenced the surface concentrations of aerosols in the Bay of Bengal.
Methodology

Sampling site
Particulate matter samples were collected on board Sagar Kanya (SK-254 and SK-223A) over BOB. Sampling track of SK-254 and SK-223A cruises for winter and pre-monsoon period over BOB is shown in Figure 1 . Several researchers Kumar et al., 2011; Sinha et al., 2011) have published the details of sampling sites and on-board ship measurements of several meteorological parameters during the winter and the premonsoon ICARB campaigns, however, brief description is given in the Supporting Material (SM, S1). 
Sample collection and analysis
Aerosol samples were collected on pre-heated (550 °C for about 5 h) Whatman quartz microfiber filter paper (QMA: 20.3 × 25.4 
Receptor Model Description
EPA-Positive Matrix Factorization (PMF)
PMF is a widely used multivariate factor analysis tool, developed by Paatero (1997 Paatero ( , 1999 to apportion the source contribution to the ambient particulate matter (Song et al., 2006a; Pitz et al., 2011) . The detailed information on the principles and usage of the model can be found in the user manual (Paatero, 1997; U.S. EPA, 2008) . PMF decomposes speciated data matrix X of i by j dimensions (i number of samples and j chemical species) into two sub-data matrixes, the factor profiles and factor contributions based on the correlation between the different components. Briefly, the goal of multivariate receptor modeling with a PMF is to identify a number of factors (p), the species profile (f) of each source, and the amount of mass (g) contributed by each factor to each individual sample [Equation (1)] without detailed prior information on source inventories.
(1) PMF v3.0 needs two input files: one for the measured concentrations of the species and other for the estimated uncertainties of the concentrations. Uncertainty in the data above the method detection limit was calculated using the Equation (2) where error fraction is the percentage of uncertainty and MDL is the method detection limit.
EPA-PMF 3.0 (http://www.epa.gov/heasd/products/pmf/pmf. html) model was utilized in the present study for source apportionment of TSP and PM 10 collected over BOB during premonsoon and winter seasons in extensive and co-ordinated ICARB campaign. Speciation data set consist of total number of 18 and 19 chemical species in pre-monsoon and winter seasons, respectively. Quality of data was categorized on the basis of signal to noise ratio. Species having S/N≥2 were categorized as strong while those with S/N 0.2 to 2 were categorized as weak data as these species do not provide adequate variability in the concentration. Those species with S/N less than 0.2 were classified as bad values. TSP and PM 10 mass concentrations were also included in PMF, but categorized as weak, to reduce the influence of particulate matter on PMF solution.
The Q values are goodness of fit calculated using Equation (3), where X ij is the measured concentration (in µg/m 3 ), µ ij is the estimated uncertainty (in µg/m 3 ), n is the number of samples, m is the number of species and p is the number of sources included in the analysis.
∑
Q values indicate how well the model fit the input data, excluding the outliers for which the scaled residuals are greater than 4. Q true should be less than 1.5 times of Q robust vice versa of which indicates that peak events may be disproportionately influencing the model (Gugamsetty et al., 2012; Kaul et al., 2014; Sharma et al., 2014) . Only the converged solution should be investigated. Non converged solution indicates that the model did not find any minima; this could be due to very low uncertainties or in appropriate input data. Number of factors selected for base model run should sufficiently describe the total PM. In fact the selection of factor is subjective that requires the knowledge of the possible sources in the area. Evaluating multiple solutions within the range of F peak values that yield an acceptable Q value and assessing the edge plots are more objective ways to evaluate the model results. Several F peak values were explored to determine which solutions are reasonable. To examine this, G space plots for all the factors were evaluated to ensure whether the factors were not correlated with each other and hence that they represented the distinctive sources.
Principal component analysis
To identify the possible sources of particles in both premonsoon and winter, principal component analysis (PCA) was performed using the SPSS software. The orthogonal transformation method with Varimax rotation was employed. The lowest eigenvalue for extracted factors was restricted to more than 1.0. Total fifteen constituents of TSP and eighteen constituents of PM 10 were used as variables in the data set. In PCA, the chemical data are transformed into a dimensionless standardized form: (4) where, i=1,…,n samples; j=1,…m elements; C ij is the concentration of element j in sample i; and and are the arithmetic mean concentration and the standard deviation for element j, respecttively. The PCA model is expressed as: (5) where, k=1,…,p are the sources, and g ik and h kj are the factor loadings and the factor scores, respectively. This equation is solved by eigenvector decomposition (Song et al., 2006b) 
Results and Discussion
Aerosol samples collected during the pre-monsoon (n=20, TSP) and winter seasons (n=20, PM 10 ) were characterized for 18 species (OC, OM, EC, Al, Si, Ti, Mn, Fe, Cu, Zn, W, Na Figure S1 ). Enrichment factors (EFs) of Si, Ti, Fe, Mg calculated during the premonsoon season were <1, which suggest that these elements may have a crustal origin, whereas EF of elements Na + , K + Ca ++ , Cu, Zn were >1.0, indicating that they are mostly affected by anthropogenic sources. Similarly, in winter EFs were calculated for the elements (Na + , K + , Mg ++ , Ca ++ , Ti, Fe, Zn, Si, Cu, Zr and Mn) ranged from 0.36 to 414, suggesting that the emissions of these elements from both crust and non crustal sources (see the SM, Figure S2 ). Non-crustal sources could be traffic, fossil fuel combustion, industry, biomass burning etc. PMF and PCA, receptor models were employed and discussed in subsequent sections to evaluate the contribution of different sources over BOB.
Identification of emission sources by PMF
In this study, aerosol samples with 18 species and 19 species in the pre-monsoon (n=20) and winter (n=20), respectively, and signal to noise ratios greater than 0.2 were considered for input files. PMF was run multiple times randomly, with varying number of factors, bootstrap and F peak to identify optimal factor resolution and factor composition. Five sources were resolved with a resultant F peak of 0.1. Q robust (378.76) and Q true (366.46) were almost equal to Q theory (20x18=360) in pre-monsoon. Similarly, Q robust (388.3) and Q true (376.3) were almost equal to Q theory (20x19=380) in winter. The correlation between measured and model predicted species concentrations was determined to examine the model goodness fit. The coefficient of determination (r 2 =0.74, premonsoon; r 2 =0.82, winter) suggested that reconstructed mass concentrations were consistent with the measured mass concentrations. TSP and PM 10 mass concentrations were also included in PMF to apportion factor mass concentration but categorized as weak, to reduce the influence of PM on PMF solution.
Interpretation of factors in pre-monsoon season. In premonsoon, five sources were resolved (sea salt, industrial emissions, Si dust-secondary aerosol, FFC and biomass combustion), source profiles and the estimated percentage contributions from each source are shown in Figure 2 and Figure S3 (see the SM).
Figure 2. PMF source profile of sea salt (SS), industrial emissions (IE) in BOB for TSP during pre-monsoon season.
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Mass of species µg/µg % of species mass % of species mass The first factor contributes 14.5% of TSP mass, dominated by the presence of Na + , K + , Mg ++ , and Cl -. These tracers are mainly associated with the sea salt particles (SS) (Mooibroek et al., 2011) . Since the sampling has been carried out in the marine atmosphere, it is very much obvious to get the sea salt fraction in the samples. It is very important to mention here that this factor 1 was devoid of nss-SO 4 2-, NO 3 -, OC, EC tracers which further affirms the contribution of marine source towards particulate loading over BOB.
PMF results revealed that second factor accounted for 6.8% of TSP. High percentage of metals in the profile attributed to industrial emissions (IE). A considerable percentage of copper, zinc and sulfur appear to be associated with coal combustion and steel processing sources (Lee et al., 1999; Salminen et al., 2005 , Song et al., 2006a , Shridhar et al., 2010 . Further, this profile also exhibited calcium, which could be due to the dust from the cement factories. Potassium and magnesium in this factor may be attributed to the fertilizer industry (Salminen et al., 2005) . To summarize, this factor profile may be because of the mixture of different industrial activities around the sampling area.
Third factor is the largest contributor of TSP, accounted for almost 44%. This factor typically contains elements of crustal material (CRM). These are particularly silicon, aluminum, titanium, and iron (Khillare et al., 2004; Begum et al., 2011) . This factor does not contain calcium and therefore dust over BOB may be characterized as Si-dust, probably originated from the desert regions. Ca ++ dust is a predominantly soil component in western India (Rastogi and Sarin, 2005) . This observation is consistent with the previous study over the Indian Ocean by Bhanuprasad et al. (2008) . This factor also contains a substantial percentage of secondary sulfate (38.7%) and nitrate (31.9%) that imply secondary aerosol (SA) components in the marine atmosphere. Sulfur dioxide and nitrogen dioxide derived from the combustion processes are oxidized to sulfate and nitrate that along with the wind may have transported to the study area, adding to secondary aerosol component in the marine atmosphere.
Fourth factor is the second major contributor to the total loading of particulates, accounting 23.2% of TSP. It was characterized by high loadings of OC, EC, NO 3 -, nss-SO 4 2-, Al, Zn, Ca ++ , and Cl -. All these tracers signalize towards fossil fuel combustion that could be attributed to coal combustion. Coal combustion had high loading of chloride followed by OC, nss-SO 4 2-, NO 3 -and Fe (Song et al., 2006a) . The significant contribution of chloride (58%), Zn (52.18%), OC (40%), nss-SO 4 2-(33%) and NO 3 -(38%) suggested that factor 4 was associated with coal combustion (Gupta et al., 2007) . Activity of coal combustion in the Indian subcontinent and South East Asia is very common as most of the power production in both the continents comes from the coal based thermal power plants. In the eastern coastal states of India (West Bengal, Orissa, and Jharkhand) and South China, Thailand, and Myanmar there are more than thirty thermal power plants.
The fifth factor accounting for 11.5% of TSP, characterized by high loading of K + that primarily comes from the stalk burning, along with the OC, EC, Ca ++ , Mg ++ appeared to be closely associated with biomass burning. PMF does not differentiate between the residential biomass combustion for cooking and open burning of forests and agricultural residues (Venkataraman et al., 2005 , Venkataraman et al., 2006 . However Andreae and Merlet (2001) explained that OC predominates in the emissions from the open biomass burning, whereas, BC constitutes more than 50% in residential biomass burning (Venkataraman et al., 2005) .
Interpretation of factors in winter season. Samples collected during the winter were analyzed to quantitate the contribution of each source using PMF. During the winter campaign also five sources were resolved (sea salt, industrial, Si dust, secondary aerosol and biomass combustion). Figure 3 and Figure S3 (see the SM) displays source profiles and the percentage factor contributions.
The first factor with high loadings of Al, Si, Ti, Fe, Zn was assigned to wind-blown dust that contributed almost 13% of PM 10 mass (Wang and Hopke, 2013; Yang et al., 2013 . As in pre-monsoon, in winter source profile was also devoid of calcium and therefore the total mass contribution of source was attributed to Si-dust.
Second factor accounting for 12.5% of PM 10 mass, characterized by high loadings of Cu, Zr and Zn followed by mixing with medium loadings of OC, nss-SO 4 2-, NO 3 -and Cl -, appeared to be industrial emissions, closely associated with the coal industry and other metallic sources (Yang et al., 2013) . Zn is a tracer for steel and non-ferrous metal production and residual oil combustion (Bhanuprasad et al., 2008) . Sources of calcium are cement factories, dust and fertilizer industry (Salminen et al., 2005; Mooibroek et al., 2011) . Based on the source profile, calcium may be linked to cement factories and fertilizer industry as the possibility of calcium dust was perhaps less, as it was evident by the profile of factor 1, that speculate the presence of Si-dust over BOB.
Third source includes Na + , K + , Mg ++ and Cl -, contributing almost 5.7% to PM 10 mass. This source was identified as sea salt. Sea salt also contains some fraction of sulfate believed to be formed from the oxidation of biogenic gas dimethyl sulfide in the marine region. In the present study sulfate was not found associated with sea salt, this could be due to nss-SO 4 2-fraction used in the PMF runs.
The species associated with the fourth source, includes nss-SO 4 2-, NO 3 -, NH 4 + , and OC and was characterized as secondary sulfate and secondary nitrate. Secondary source was the highest contributor of PM 10 , accounting almost 36%. Nitrate and sulfate particles are expected to form from their gaseous precursors (NO 2 and SO 2 ) emitted during the combustion processes, e.g., thermal power plants, iron and steel, cement, refinery, biomass burning that could be residential or open burning (Bhanuprasad et al., 2008; Mooibroek et al., 2011; Yang et al., 2013) . NH 4 + aerosol is produced from the reaction between NH 3 and acidic species (H 2 SO 4 , HNO 3 ) present in the gas phase or the particle phase (Huang et al., 2013 , Si, Ti, Mn, Fe, Zn, and W) were used as variables in the data set. Total fifteen components were obtained, out of which three were extracted as principle components (eigenvalue>1) that explained the 83% of the variance of the data. Based on the loadings of the variables in the factors, three components were identified as crustal dust + secondary aerosol, biomass combustion, and fossil fuel + industrial emission, (Table 2) . Limited data used in PCA, may have resulted in the merging of the sources; however the sources identified reflect the sources described by PMF except for sea salt. 
. PMF source profile of Si-dust, industrial emissions (IE), sea salt (SS), secondary aerosols (SA), and biomass burning (BB), in BOB for PM 10 during winter season.
The principal component of crustal dust + secondary aerosol (48.42% of the total variance) exhibits high factor loadings for variables that are typically associated with crustal dust (Si: 0.921, Ti: 0.829, Fe: 0.858, and Mg ++ : 0.426). Factor 1 was devoid of Ca ++ , therefore the crustal dust over BOB may be characterized as Sidust, and this observation is consistent with the PMF results. The high loading of NO 3 -(0.643), nss-SO 4 2-(0.359) in the factor may be attributed to secondary aerosol components in the marine atmosphere. Nitrogen dioxide and sulfur dioxide emitted during different combustion processes gets oxidized, contributing to nitrate and sulfate aerosol in the atmosphere. It is significant to note that the metals generated from various sources also become part of crustal dust over time (Khillare et al., 2004; Srivastava et al., 2008) . This could be the reason for the high loading of Na + (0.74) and K + (0.488) in the factor. 2-, Al, Si, Ti, Cu, Fe, Zn, Zr) were used as variables in the data set. Total eighteen components were obtained, out of which four were extracted as principle components (eigenvalue>1) that explained the 86% of the variance of the data. Four components correspond to the different sources that were identified as biomass burning + secondary aerosol, industrial emission, crustal dust and sea salt, based on the loadings of the variables in the factor (Table 3) . PCA in this case also resulted in the merging of the sources; however the sources predicted by the PCA are consistent with the results of PMF.
The first factor is responsible for 56.61% of the variance and high loadings OC, EC, K + , NH 4 + , NO 3 -and nss-SO 4 2-. Loadings of these variables in factor 1 suggested the mixed sources. Mixed sources may be attributed to biomass burning sources (OC, EC and K + ) and secondary aerosol (NH 4 + , NO 3 -, nss-SO 4 2-). The second component titled industrial emission (16% of the total variance) exhibits high loadings of Ca ++ , Zn, nss-SO 4 2-and NO 3 -and may be associated with different industrial activities. Cement factories and fertilizer industry are the sources of calcium, similarly zinc is found to be emitted during steel and non ferrous metal production. Third factor responsible for 8.11% of the total variance includes Al (0.848), Si (0.882), Ti (0.916), and Fe (0.624) and may be linked to the wind-blown dust. It is significant to mention that like in PMF; in PCA also Ca ++ was found to be associated with the industrial emission. Fourth factor was responsible for 5.62% of the total variance and high loadings of Na + , Cl -and F -. This source was characterized as sea salt.
Identification of source regions
Air masses carrying the pollutants during their travel route are influenced by their geographical origin and travel path. A common method for the identification of the origin and the pathway of air masses is to calculate backward trajectories. Seven days isentropic backward trajectory analysis was carried out to identify the transport pattern of the air masses arriving at 500 m above ground level using HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model (Draxler and Rolph, 2003) and FNL as meteorological input data. Investigation of daily factor contribution from PMF showed high and low trend when the ship traverse in different directions in the BOB (Figure 4a and 4b) . Here an attempt is made to explain the variation in factor contribution in both the season with the help of backward trajectories linked to the sources that exist specifically in the regions from where the air masses may have originated.
Regional sources influencing the BOB during Pre-monsoon season. During the period of 21 st March to 28 th March 2006, the ship traversed from the western coast of BOB to the northern BOB, covering almost entire northern BOB. PMF results revealed that Sidust and secondary aerosol (28%) followed by sea salt (26%) and BB (19%) were responsible for the total suspended particulate over northern BOB. Si-dust, SA and BB emissions and their long range transport in the BOB may be accounted by analyzing the air masses arriving at 500 m above ground level using HYSPLIT at northern 
(a) (b)
BOB. Figure 1a revealed much longer transport pathway of the air masses, covering almost entire western and Indo Gangetic Plain (IGP). Emission inventory information over IGP shows high usage of biomass for cooking purpose (Venkataraman et al., 2005; Saud et al., 2011; Saud et al., 2012; Saud et al., 2013) . Also, in premonsoon season, open burning of forest occurs in central and northeast India and of crop residues in the western IGP (Venkataraman et al., 2006) . Both these biomass burning sources may lead to the surface emission and transport of pollutants to northern BOB. Also, air masses over north western and IGP pass through the industrial emission sources that may have carried the particulates from the coal fired electric utilities in West Bengal, Bihar, Orissa, and Jharkhand, iron and steel industries located in West Bengal, Bihar and Orissa to northern BOB. To locate the hot spots, monthly global fire data from the Along-Track Scanning Radiometer (ATSR) sensor on board the ENVISAT spacecraft was used to find the active fire sites in the areas around the BOB. Satellite based detection of hot spots in eastern India, further reassert the existence of sources that could be BB or IE (see the SM, Figure S4 ). (Table 4) . It may be noted from the Table 4 that BB and FFC has shown an inverse behavior when a ship traversed from north to southern BOB. BB had the maximum impact in northern BOB whereas FFC sources were found to dominate in southern BOB. In the central and southern BOB, air masses were originated either from ocean or have the extended impact from the Indian subcontinent (Figure 1b and 1c) . Also southern BOB was comparatively more affected by the air masses from the west Asia passing through the Arabian Sea to central BOB. FFC and IE sources in west Asia includes petroleum refineries, coal burning in electric utilities, cement and iron and steel production (Bhanuprasad et al., 2008) . In brief, major contributors of particulate matter were different at three sites of BOB. Si-dust, secondary aerosol, SS and BB were the major sources identified in the western and the IGP of India, whose emission might have carried to northern BOB. Similarly, FFC and IE were the major contributors spotted in the central and southern BOB, whose emissions might have transported from the ocean, Indian subcontinent and west Asia.
Regional sources influencing the BOB during winter season.
During the period of 27 th December 2008 to 8 th January, ship traversed almost in entire northern BOB. Variation in source contribution was observed over northern BOB with the maximum loading of secondary aerosol (29%) followed by biomass combustion and sea salt component each contributing 21% towards mean PM 10 concentration (Table 4) . Similarly, when the ship traversed from north to east (09 th January to 15 th January 2009) in the BOB, dominant contributions were from the biomass combustion (30%), Si-dust (20%) and IE (19%). During 15 th January to 22 nd January 2009, ship sailed in the southern BOB after covering almost entire eastern BOB, aerosol concentrations were found to be dominated by IE and SS, each contributing 45% and 26% respectively (Table 4) . Seven days isentropic backward trajectory analyses at northern BOB identify the advection of air masses from the eastern and northeastern part of India to the northern BOB (12°N 80°E to 21°N 93°E) (Figure 1d ). These air masses had a long continental bypass from the western and Indo Gangetic Plain (IGP) of India carrying along with the primary pollutants, part of which might have transformed contributing to PM 10 as secondary aerosols. Source of secondary aerosols could be the biomass burning, coal combustion in thermal power plants or fossil fuel combustion in motor vehicles. Si-dust contribution was significantly higher in northern BOB than in eastern and southern BOB and had a probable source region in the northwestern part of India. At the eastern sites of BOB (6.62°N 91.5°E to 13.49°N 97.03°E), air masses were distinctly originated from the South East Asia (South China, Myanmar, Thailand, and Vietnam) (Figure 1e ). Major contributors identified were BB, IE and Si-dust emissions. ATSR data for the month of December (2008) -January (2009) showed hot spots in the South East Asia, majority of that were confined in Thailand, Vietnam, Cambodia, in the southern part of China and in some part of Burma (see the SM, Figure S4 ). Fire hot spots in these regions could be due to the forest burning or industrial emission in south East Asia. IE sources located in these regions are energy transformation sectors such as oil refineries and industries such as iron and steel and cement plants. From the Figure 1e it is expected that the air masses passing through the SEA might have brought the BB combustion aerosols to the eastern part of the BOB along with IE and Si-dust. Figure 1f illustrates the typical air-mass flow from the South East Asia to the southern (3.38°N 85.32°E to 4.44°N 93°E) BOB, after passing through the eastern part of the BOB. It is to be noted that these air masses might have brought the Industrial emissions from the southern part of China, Thailand and Cambodia. Sea salt contribution was almost consistent in northern and eastern BOB, however, it was exceeded slightly in southern BOB, this could be due to mean a synoptic wind pattern over BOB comprised of north westerly winds (<7 m/s) over the northern and western BOB, while stronger easterly winds (>8 m/s) prevailed over southern BOB, which may be responsible for coarse sea salt aerosol Kharol et al., 2011; Sinha et al., 2011) .
Conclusions
Positive matrix factorization (PMF) and principal component analysis have been applied to understand the source apportionment of TSP and PM 10 collected over BOB during the pre-monsoon and winter season respectively. The findings of the present analysis are summarized as below:
(i) PMF study identified Si-dust, SA and FFC as the major sources, accounting for 67% of the TSP, followed by BB, SS and IE in pre-monsoon season (March-April 2006) . Similarly, in winter ICARB (December-January 2008-2009), SA and BB accounting for 64% of the PM 10 apportioned mass, followed by IE (17.5%), Si-dust (13%) and SS (5.7%). PCA identified the sources that were comparable to the PMF outputs. PCA identified the sources that explained >80% of the variance of the data in both pre-monsoon and winter season. Crustal dust + secondary aerosol (48% variance) and biomass burning + secondary aerosol (56.61% variance) were identified as the principal components in pre-monsoon and winter season, respectively. (ii) PMF results revealed the spatial variability in source contribution along the cruise path in both seasons. In pre-monsoon, a sharp contrast has been noticed in type of sources over the northern and southern BOB. Si-dust + secondary aerosol (average 28%), sea salt (average 26%) and biomass burning (average 19%) were the major contributors in northern BOB, whereas, fossil fuel combustion (average 30%) and industrial emission (average 27%) sources caused the major influence in southern BOB. Similarly, in winter, secondary aerosol (average 29%) was the major contributor in northern BOB. The average contribution of secondary aerosol decreased, when cruise traversed in the eastern (9%) and southern BOB (3%). Biomass burning contribution (average 30%) in eastern BOB was higher than in northern (average 21%) and southern (average 3%) BOB. (iii) Observed variability in sources over BOB might be because of the air masses that have commenced from different continents (IGP of India, West Asia and SEA). In pre-monsoon, air masses originated from the western and the IGP of India causing aeolian input over northern BOB. Air masses commenced from west Asia, which has passed through the Arabian Sea reached into southern BOB. Similarly, in winter season, advection of air masses from the eastern and northeastern part of Indian subcontinent to the northern region of BOB was observed. At the eastern and southern sites of BOB, air masses were distinctly originated from the South East Asia.
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